Reverse genetics uses loss-of-function alleles to interrogate gene function. The advent of 39 CRISPR/Cas9-based gene editing now allows to generate knock-out alleles for any gene and entire 40 gene families. Even in the model plant Arabidopsis thaliana, gene editing is welcomed as T-DNA 41 insertion lines do not always generate null alleles. Here, we show efficient generation of heritable 42 mutations in Arabidopsis using CRISPR/Cas9 with a workload similar to generating overexpression 43 lines. We obtain Cas9 null-segregants with bi-allelic mutations in the T2 generation. Out of seven new 44 mutant alleles we report here, one allele for GRXS17, the ortholog of human GRX3/PICOT, did not 45 phenocopy previously characterized nulls. Notwithstanding, the mutation caused a frameshift and 46 triggered nonsense-mediated decay. We demonstrate that our workflow is also compatible with a dual 47 sgRNA approach in which a gene is targeted by two sgRNAs simultaneously. This paired nuclease 48 method can result in a more reliable loss-of-function alleles that lack a large essential part of the gene. 49
INTRODUCTION
The sgRNA cloning procedure ( Figure S1A ) uses the type II restriction enzyme BbsI and 141 utilizes a 5' ATTG overhang of which the G serves as the first nucleotide of the sgRNA when 142 transcribed by the polymerase III promoter AtU6-26. Most sgRNAs were of the GN19-type 143 with the 5' G being the first transcribed base of a 20-bp long guide sequence. One sgRNA, 144 JAM2-140, was of the GN20-type. An extra 5' G or GG attached to the sgRNA should not 145 hinder efficiency (Cho et al., 2014) . Another sgRNA VQ33-42, was a GN18-type. Truncated 146 sgRNAs (tru-gRNAs) down to a 17bp guide sequence have been shown to be as efficient as 147 20bp guides in human cells (Fu et al., 2014) . 148 For each single sgRNA construct, approximately 15 T1 Arabidopsis plants were selected on 149 basta or kanamycin respectively. One of the first true leaves was harvested for genomic DNA 150 extraction. A region spanning the predicted cut site was amplified by PCR and the amplicon 151 sequenced by traditional Sanger sequencing. Arabidopsis CRISPR/Cas9 T1 plants are 152 typically chimeric, defined as having at least three different alleles for a locus (Feng et al., 153 2014). Different cell files showed different indels in both alleles after NHEJ-mediated repair, 154 leading to a range of detectable indels in a single leaf and a complex chromatogram. The 155 quantitative sequence trace data was therefore decomposed using the Tracking of Indels by 156 DEcomposition (TIDE) software (https://tide.nki.nl/) (Brinkman et al., 2014) . This results in 157 an estimation of overall editing efficiency (percentage of cells not WT) and the spectrum and 158 frequency of the dominant indel types (See Figure 1B for an example for GLB3). Subcloning 159 of amplicons followed by sequencing yielded similar profiles ( Figure 1C ). Furthermore, 160 examination of genomic DNA of different leaves yielded comparable but not identical 161 patterns ( Figure S2 ). All but one sgRNA had high editing efficiencies with the median efficiency being higher than 188 80% ( Figure 2A ). Notably, VQ33-38, the sgRNA predicted by all three algorithms to have the 189 worst efficiency (Table S2 ) had one of the highest efficiencies in planta. Next, we used the 190 data generated, to investigate chimerism in the T1 plants. The most frequently observed 191 mutation is a 1 bp insertion, followed by deletions of increasing size ( Figure 2B ). Large 192 insertions were very uncommon. However, depending on the sgRNA larger deletions of a 193 particular size were often observed. Potentially this is related to MMEJ, whereby regions of ≥ 194 3 bp microhomology help initiate polymerase ϴ repair by annealing of single-stranded DNA 195 overhangs (Black et al., 2013 , Shen et al., 2017 . In summary, we show high rates of 196 CRISPR/Cas9 mutagenesis in Arabidopsis T1 somatic tissue for most tested sgRNAs and that 197 TIDE is a robust method to evaluate sgRNA efficiency.
198

Inheritance of mutations to T2
199
Focusing on GLB3, we investigated the heritability of these after selfing and selected for T2 200 progeny that had lost the T-DNA (Cas9 null-segregants). First, we identified three T1 lines 201 with a single T-DNA locus by segregation analysis of the kanamycin resistance marker in T2 202 seedlings. Of these three lines we germinated 14 to 17 seedlings on soil, prepared genomic 203 DNA and genotyped using Cas9 specific primers to identify null-segregants ( Figure 3A ). The 204 genomic DNA of these plants was re-used to amplify the target site and sequencing data was 205 analyzed using TIDE to identify genotypes at the target locus. All 15 tested null-segregants 206 were found to be non-chimeric: 8 were WT, 5 heterozygous and 2 were homozygous. Hence, 207 inherited mutations were present in the T2 progeny of all three independent T1 lines.
208
Although we only detected the desired homo-allelic Cas9 null-segregants in the progeny of 209 one T1 line, heterozygous alleles will lead to the desired genotypes in the next generation.
210
An outcome also overrepresented in T1 somatic mutations for GLB3, and frequently observed 211 in the inherited mutations from independent events was a 10 bp deletion ( Figure 3B ). Lastly, 212 we identified a heritable T to A substitution which led to a single nucleotide variation (SNV) 213 and here results in a premature stop codon ( Figure 3B and 3C). This occurs when a single bp 214 deletion is followed by a single bp insertion, an event very rarely observed for CRISPR/Cas9 
Isolation of a new grxs17 CRISPR allele 248
Previously we characterized in detail two independent knock-out alleles of GRXS17, a gene 249 encoding a component of the FeS cluster assembly pathway (Iñigo et al., 2016) . The allele 250 grxs17-1 (SALK_021301) contains a T-DNA in the second exon ( Figure 4A ), whereas the 251 grxs17-2 allele expresses an antisense construct (Cheng et al., 2011) .
252
A T1 parental line described above that showed high editing efficiency (97.3%) in somatic 253 tissue and had a single T-DNA locus was identified ( Figure 4B ). Two Cas9 null-segregants of 254 the T2 progeny were genotyped using TIDE ( Figure 4C ). This yielded the grxs17-3 allele that 255 was predicted to have a (-8,-8) genotype. Inspection of the sequence in T3 plants revealed an 256 additional 4 bases mutated, nevertheless leading to loss of the reading frame ( Figure 4D ).
257
Using RT-qPCR, we could observe strong downregulation (~80%) of the entire GRXS17 258 transcript ( Figure 4E ). This is probably the result of nonsense-mediated decay (NMD), a 
286
A dual sgRNA approach for gene deletions 287 Choice of the sgRNA target site is pivotal to generate a reliable knock-out. Genes can contain 288 alternative start codons, have alternative first exon usage, exon skipping and/or C-terminally 289 truncated proteins and therefore might still be partially functional as exemplified above. In-290 depth knowledge on the gene structure, transcript and protein is therefore advisable. However, 291 in many cases this information is not complete. Therefore, we examined in Arabidopsis a dual 292 sgRNA approach in which two sgRNAs target the same gene to remove a large part ( Using a MultiSite Gateway based sgRNA multiplexing approach we previously described 295 (Ritter et al., 2017) we co-expressed two sgRNAs in pDE-Cas9Km. We used this method to 296 target the gene encoding the transcription factor WRKY20, which is closely related to 297 WRKY2, with two sgRNAs. For the latter, a characterized T-DNA insertion mutant wrky2-1 298 is available representing a strong loss-of-function or null allele (Ueda et al., 2011) . We 299 transformed the wrky2-1 background with a dual sgRNA construct for WRKY20, predicted to 300 remove a 247 bp fragment encoding the first WRKY protein domain in addition to putting the 301 remainder of the sequence out of frame ( Figure 5A ). Without any phenotypic selection, we 302 applied the same workflow as before. We selected four independent T1 lines showing high 303 levels of the expected deletion and containing a single T-DNA locus ( Figure 5B ). For each 304 line, one or more null-segregants were identified in T2 ( Figure 5C ) and genotyped for the 305 WRKY20 locus. Of seven Cas9 null-segregants successfully genotyped, two plants were 306 homozygous for the expected deletion, three heterozygous and two wild-type ( Figure 5D ).
307
Sequence analysis of two homozygous deletion mutants showed that wrky2-1 wrky20-1 (plant 308 A15-8) had the predicted 247 bp deletion, whereas the other allele wrky2-1 wrky20-2 (plant 309 B2-5 ) had only 246 bp deleted, possibly restoring the reading frame ( Figure 5E ). This shows 310 that a dual sgRNA approach for deleting gene fragments is feasible with relatively few 311 numbers of genotyped plants. 
324
Next, we combined two sgRNAs targeting VQ33 (VQ33-42 and VQ33-1) that displayed high 325 efficiency when tested individually (Figure 2 ). Working together, they are predicted to 326 remove a fragment of 459 bp, virtually removing the VQ33 coding sequence ( Figure S3A ).
327
We proceeded with the same workflow as for WRKY20 ( Figure S3B grxs17-4 confirms the grxs17-1 developmental phenotype 348 Next, we tried the dual sgRNA approach for GRXS17. We targeted the first sgRNA 349 (GRXS17-133) at the 5' end and the second sgRNA (GRXS17-67) at the 3' end of the gene to 350 remove 1953 bp and GRXS17 almost entirely ( Figure 6A ). The GRXS17 locus was amplified 351 for sixteen independent T1 plants using primers spanning the expected deletion. In 352 comparison with VQ33 and WRKY20, only two plants clearly showed bands of the expected 353 size for the predicted deletion ( Figure 6B ). Two identified Cas9-null segregants ( Figure 6C) 354 did not show the expected large deletion, but instead an indel was found at the first sgRNA 355 site in the first exon leading to a frameshift ( Figure 6D ). We re-named this allele grxs17-4. 356 Confirming our hypothesis that grxs17-3 is indeed not a null allele, grxs17-4 showed the leaf 357 phenotype of grxs17-1 and grxs17-2 (Iñigo et al., 2016, Figure 6E ). In conclusion, in the 358 event the dual sgRNA approach does not yield the designed gene fragment deletion, each 359 individual sgRNA may lead to useful alleles. .
399
Due to the lack of sufficient data, no plant-specific design models are currently available. As 400 previously reported (Ordon et al., 2016) , we did not observe any obvious correlation between 401 these predictions and our observed efficiencies in Arabidopsis. It is unclear why this is the 402 case for a heterologous system such as CRISPR/Cas9. Therefore -for the time being -we 403 continue to take into account metazoan models when designing plant sgRNAs. It has been 404 suggested to pre-screen sgRNAs in protoplasts . Given the ease of Arabidopsis 405 transformation via floral dip, we conclude from this study that designing several sgRNAs for 406 the same target and testing somatic mutations in T1 might be an equally rapid method to 407 identify efficient sgRNAs, while simultaneously obtaining the desired mutants. and plants (Ordon et al., 2016) . Similarly, when attempting to cut out a 1953 kb fragment in 437 GRXS17, it failed to be inherited, while clearly being present in T1 somatic cells. In contrast, 438 247 bp and 459 bp fragment deletions were easily obtainable for WRKY20 and VQ33 439 respectively. Therefore, while deleting whole genes might be tempting, it is more practical 440 targeting genes with two sgRNAs in the 5' coding sequence. This has the additional 441 advantage, that when one sgRNA has a low efficiency, the construct will still yield potential Table 1 . conditions. Rapid selection of seeds with kanamycin and phosphinothricin (BASTA TM ) 485 selection was performed as described (Harrison et al., 2006) . 488 A scheme of our strategy is given as Figure S4 . (Table S1 ). Cas9 null-segregants are then analyzed for modifications at the locus of Supplemental Table S1 . Figure S2 . Comparison of TIDE spectra between leaves of the same T1 plant.
Selection of CRISPR/Cas9 mutants
537 Figure S3 . VQ33 dual sgRNA approach.
538 Figure S4 . CRISPR workflow.
539 Table S1 . Oligonucleotides used in this study. 
